We report a chemical vapor deposition (CVD) synthesis of ultra-large area monolayer graphene films and roll-based layer-by-layer transfer onto flexible substrates. The monolayer shows the sheet resistance as small as ~125 Ω/sq with 97.4% optical transmittance and a unique half-integer quantum Hall effect indicating the high-quality of graphene films. The 30-inch scale multiple roll-toroll transfer further enhance the electrical properties of the graphene films, resulting in ~40 Ω/sq sheet resistance and ~90 % transparency comparable to recent commercial transparent electrodes such as indium tin oxides (ITO).
Graphene and related materials have attracted tremendous attention for the last a few years due to their fascinating electrical (1) , mechanical (2, 3) , and chemical (4, 5) properties. There have been many efforts to utilize these outstanding properties of graphene for macroscopic applications such as transparent conducting films useful for flexible/stretchable electronics (6) (7) (8) . However, the lack of efficient synthesis, transfer, and doping methods limited the scale and the quality needed for the practical production of graphene films. For example, a conventional transparent electrode, indium tin oxides (ITO) , that are commonly used in solar cells, touch sensors and flat panel displays show a sheet resistance smaller than 100 Ω/sq with ~90 % optical transparency as well as unlimited scalability, while the best records of graphene has still remained around ~500 Ω/sq sheet resistance, ~90% transparency, and a few centimetre scale at the moment (6,
9-11).
On the other hand, typical CVD methods inevitably require a rigid substrate that can stand high temperatures close to ~1000 °C and an etching process for removing metal catalyst layers, which are main obstacles for the direct use of graphene on asgrown substrates. Therefore, the transfer of graphene films onto a foreign substrate is essential. However, the transferrable size of graphene has been limited below a few inches scale due to the size limit of rigid substrates and the inhomogeneous reaction temperature inside a CVD furnace. This can be overcome by using roll-type metal foils fitting the tubular shape of the furnace. In addition, the flexibility of graphene and Cu foils allow efficient etching and transfer processes employing a cost and time-effective roll-to-roll production system.
There are three essential steps in the roll-to-roll transfer (12-14) (Fig. 1A) , which are i) adhesion of polymer supports to the graphene on a Cu foil, ii) etching of Cu layers, and iii) release of graphene layers and transfer on to a target substrate. In the adhesion step, the graphene film grown on a Cu foil is attached to a thin polymer support such as thermal-release tapes between two rollers. In the subsequent step, the Cu layers are removed by electrochemical reaction with a Cu etchant (6, (9) (10) (11) . Finally, the graphene films are transferred from the polymer support onto a target substrate by removing the adhesive force on the polymer support. In the case of using thermal release tapes (15) , the graphene films are detached from the tapes and released to counter substrates by thermal treatment (Fig. 1A ). Fig. 2A) . Usually, there exists temperature gradient depending on the radial position inside a tubular reactor. This sometimes results in inhomogeneous growth of graphene on Cu foils. To solve this problem, ~7.5-inch quartz tube wrapped with a Cu foil is inserted and suspended inside the 8-inch quartz tube. Thus, the radial inhomogeneity in reaction temperature can be minimized. In the first step of synthesis, the roll of Cu foil is inserted to a tubular quartz tube and then heated up to 1000°C with flowing 10 sccm H 2 at 180 mTorr. After reaching 1000°C, the sample is annealed for 30 min without changing flow rate and pressure. During this annealing process, the singlecrystalline grain sizes of Cu foils are increasing from a few µm to ~100 µm scales, leading to the higher quality of graphene films (16) . The gas mixture of CH 4 and H 2 is then flowed at 1.6 Torr with a rate of 30 sccm and 10 sccm for 15 min, respectively.
Finally, the sample is rapidly cooled down to room temperature (~10°C/sec) with flowing H 2 under the pressure of 180 mTorr.
After the growth, the graphene film grown on the Cu foil is attached to a thermal release tape (Nitto Denko Co.) by applying soft pressure (~0.2 MPa) between two rollers. After etching the Cu foil in a plastic bath filled with etching solution (19) , the transferred graphene film on the tape is rinsed with DI water to remove residual etchant, and it is ready to be transferred to any kinds of flat or curved surfaces on demand. Subsequently, the graphene film on the thermal release tape is inserted to the rolls together with a target substrate and exposed to mild heat of 90~120°C for 3~5 min, resulting in the transfer of graphene films from the tape to the target substrate (Fig. 2B) .
By repeating these steps on the same substrate, multilayered graphene films can be prepared, showing enhanced electrical and optical properties as we will discuss later. (Fig. 3A) . As the number of layers increases, the intensities of G and 2D band peaks are increasing together, but their ratios don't change significantly, which is clearly different from the case of multilayer graphene exfoliated from graphite crystals (17, 18) . This is because the hexagonal lattices of upper and lower layers are randomly oriented unlike graphite so that the original properties of each monolayer remain unchanged even after staking into multilayers (19, 20) . Therefore, we expect that the sheet resistance is proportional to the number of stacked graphene layers. The optical transmittance is usually decreased by 2.2~2.3 % for an additional transfer, indicating that the transferred film is mostly a monolayer (6, 21).
The electrical properties of graphene films formed through layer-by-layer staking methods are investigated. Usually, the sheet resistance of the graphene film with ~97% transmittance is as low as ~125 Ω/sq when it is transferred by a soluble polymer support such as polymethyl-methacrylate (PMMA) (9-11). However, the transferrable size of the wet transfer methods is limited below a few centimetres because of the weak mechanical strength of spin-coated PMMA layers (6, (9) (10) (11) 22) , while the scale of rollto-roll dry transfer assisted by a thermal release tape is in principle unlimited.
In the process of roll-to-roll dry transfer, the first layer usually shows ~2 times larger sheet resistance than the case of the PMMA-assisted wet transfer method. As the number of layers increases, the resistance drops faster compared to the wet transfer method (Fig. 4A) . We suppose that the adhesion of the first layer with the substrate is not strong enough for the complete separation of graphene films from thermal release tapes. As a result, there can be mechanical damages on graphene films, leading to the increase of overall sheet resistance. Since additional layers are not directly affected by the adhesion with substrate surface, the sheet resistance of multilayers prepared by the roll-to-roll method doesn't differ much from the wet transfer case.
Standard e-beam lithography has been used to fabricate graphene hall bars on conventional 300nm SiO 2 /Si (Fig. 4C) . The left panel of Fig. 4C shows the four terminal resistance measurement as a function of back-gate voltage (V bg ) at room temperature and zero magnetic field of such samples. We observe the graphene specific gate bias dependence of the resistance showing sharp Dirac peaks and large field effect mobilities of 4,000~12,000 cm 2 /Vs, indicating the high quality of our CVD-grown graphene. This allows the observation of the quantum Hall effect at 3K with applying a magnetic field B=9T (Fig. 4C, right) . The fingerprint of single layer graphene, the halfinteger quantum Hall effect is observed with plateaus at filling factor ν =2, 6, and 10 at R xy = 1/2, 1/6 and 1/10(h/e 2 ), respectively.
In summary, we have demonstrated a promising route to synthesize and transfer ultra-large-area graphene films that are highly conducting and transparent, based on roll-to-roll processes. The multiple transfer of graphene films considerably enhance the electrical/optical properties, comparable to those of commercial grade transparent electrodes. Considering the outstanding scalability/processibility of roll-toroll and CVD methods and the extraordinary flexibility/conductivity of graphene films, we expect the commercial production and application for large-scale transparent electrodes replacing the use of ITO can be realized in near future. A. Enlarged grain sizes of Cu foil after annealing/growth 
